The cytochrome c2 gene (cycA) of the purple nonsulfur bacterium Rhodopseudomonas viridis was isolated from a genomic library by using two degenerate oligonucleotides containing all possible DNA sequences predicted from the published amino acid sequence of this protein (Ambler et al., Proc. Natl. Acad. Sci. USA 73: [472] [473] [474] [475] 1976 ). Cloning and sequence analysis of the cytochrome c2 gene indicated the presence of a typical procaryotic 20-residue signal peptide, suggesting that this periplasmic protein is synthesized in vivo as a precursor. In addition, four amino acids were found to be different by comparing the published sequence of the mature protein with that deduced from the isolated cycA gene (Lys-14--->Leu, Ser-46-->Ala, Ile-84-*Val, Leu-97-lle). Northern (RNA) blot analysis and fine mapping of the 5' and 3' ends of the cycA gene transcript from photoheterotrophicaHly grown R. viridis cells revealed one abundant transcript of 523 to 530 nucleotides in length, with the transcription start site at position -39 relative to the coding region of cytochrome c2. A low-abundance transcript with an extended 3' end (about 600 bases in length) is thought to be processed by exonucleases, resulting in the slightly shorter main transcript.
Rhodopseudomonas viridis (17) belongs to the group of gram-negative, purple nonsulfur bacteria which convert light energy into chemical energy (34) . Primary charge separation and the subsequent light-driven electron transport across photosynthetic membranes are catalyzed by photosynthetic reaction centers (for a review, see reference 19) . Electrons are transferred from the periplasmic to the cytoplasmic side of the photosynthetic membrane by the reaction center and returned by the membrane-bound cytochrome bc1 complex under proton translocation and thus energy conservation. Rereduction of the photo-oxidized primary electron donor of the reaction center is accomplished either directly by a soluble cytochrome c2, which is reduced by the bc1 complex, or indirectly, as in R. viridis, via a tightly bound cytochrome c subunit of the reaction center (13, 40, 44) .
All members of the family Rhodospirillaceae produce soluble c-type cytochromes when grown photosynthetically. A well-known example is the cytochrome c2 from Rhodospirillum rubrum, for which the amino acid sequence (18) as well as the three-dimensional structure (35) are known. In addition, crystallizations of the cytochromes c2 from Rhodobacter sphaeroides (3), Rhodobacter capsulatus (21) , and R. viridis (30) have been reported. All c2 cytochromes are closely related to the mitochondrial cytochrome c (5, 36) .
Although the structural, biochemical, and spectroscopic (7) properties of cytochrome c2 are well characterized, little is known about the regulation of expression and transcriptional organization of the c2 gene. For Rhodobacter sphaeroides, four c2-specific transcripts have been reported under photoand chemoheterotrophic growth conditions (26) . Since R. viridis, in contrast to Rhodobacter sphaeroides, belongs to the group of purple bacteria with a tightly bound cytochrome subunit of the reaction center (13, 28) , it is valuable to provide data concerning transcription of * Corresponding author. the cytochrome c2 gene from a member of this group of nonsulfur purple bacteria. In this article we present the DNA sequence of the cytochrome c2 gene (cycA) from R. viridis and a detailed transcriptional analysis of the cycA gene of R. viridis under photoheterotrophic growth conditions. (37) was used as the host for recombinant plasmids and was grown in LB medium (31) or on LB agar plates containing the appropriate antibiotic (ampicillin, 100 ,ug/ml).
MATERIALS AND METHODS
DNA sequencing. DNA sequencing was performed by the dideoxy chain-termination method (38) after alkaline treatment of double-stranded DNA (10) . Sequencing reactions with either T7 DNA polymerase (Pharmacia LKB) or Thermus aquaticus DNA polymerase (United States Biochemical Corp.) were performed as recommended by the manufacturers. DNA sequences were analyzed with the University of Solid lines indicate DNA fragments used for Northern blot analysis (1.1-kb SaII-ApaI fragment C) and mung bean nuclease protection assays (500-bp SspI-XhoII fragment A and 580-bp XhoII-PvuII fragment B). Open arrows represent the major cycA gene transcript and the low-abundance mRNA of c2. The sequencing strategy is outlined by solid arrows, indicating direction and extent of the nucleotide sequence. The M13 sequencing and reverse sequencing primers as well as the oligonucleotides 17merC2 (arrow 1) and 27-mer (arrow 2) were used for dideoxy sequencing of appropriate subcloned DNA fragments. The coding region of cytochrome c2 and further 3' sequences upstream of the restriction site ApaI were confirmed by sequencing both DNA strands. The putative signal sequence of cytochrome c2 is hatched. Restriction enzymes with an asterisk may not be unique in the 2.4-kb Sall DNA fragment.
Southern blot analysis. Total genomic DNA from R. viridis was isolated as described previously (29) . After electrophoresis on agarose gels, the DNA fragments were transferred onto nylon membranes (42) . Filters were prehybridized for 3 h in 5x SSPE buffer (0.9 M NaCl, 5 mM EDTA, 50 mM sodium phosphate buffer [pH 7.0]) containing 0.3% sodium dodecyl sulfate (SDS) and 80 ,ug of sonified herring sperm DNA per ml. Hybridization was carried out for 15 h with the degenerate 32P-labeled oligonucleotides 14merC2 [5'-AARA TGATHTTYGC-3'] or 17merC2 [5'-AARGAYGARCARAA RGT-3'] (H is A, C, or T; R is A or G; Y is C or T). The oligonucleotide sequences were obtained by back translation of the cytochrome c2 amino acid sequences Lys-78 to Ala-82 and Lys-85 to Val-90, respectively (5) . The temperature of hybridization was 25°C for 14merC2 and 37°C for 17merC2. Filters were washed several times in 5x SSPE-0.3% SDS for 10 min, increasing the temperature gradually up to 32°C (14merC2) or 50°C (17merC2). Autoradiographs were obtained by overnight exposure at -70°C to Konica X-ray films with intensifying screens (Quanta III; Du Pont de Nemours).
Screening of the genomic library. A genomic DNA library was constructed into the vector pUC19 by using agarose gel size-fractionated PstI fragments (6 to 10 kilobases [kb]) of total digested R. viridis DNA with E. coli DH5a as the host. Colony screening was performed as described by Grunstein et al. (20) . The hybridization conditions were the same as for the Southern blot analysis (see above). RNA isolation and Northern (RNA) blot analysis. The methods for RNA isolation and Northern blot analysis have been described previously (45) . RNA isolated from photoheterotrophically grown R. viridis cells was size fractionated on a 1.2% agarose gel, transferred to a nylon membrane by vacuum blotting, and cross-linked to the membrane by UV light. Radioactively labeled hybridization probes were obtained by in vitro transcription of a 1.1-kb Sall-ApaI DNA fragment (fragment C, Fig. 1 ), cloned in the phage promoter vector pBluescribe (Stratagene, San Diego, Calif.) in the presence of [a-32P]UTP as recommended by the supplier. Use of T7 RNA polymerase resulted in transcripts complementary to the mRNA of the cycA gene. Hybridization and washing prior to autoradiography were done as recently reported (45) .
Primer extension. Primer extension was performed as described before (6, 45) . Total RNA (50 ,ug) was hybridized to the 5'-end 32P-labeled 27-mer oligonucleotide 5'-GCCG CGAGAACGAACAGTCCGAACACC-3' (7 x i0' dpm) at 30°C for 12 h. After extension of the hybridized primer by AMV reverse transcriptase (40 U) for 90 min at 50°C, the mixture was phenol extracted and precipitated by ethanol. The pellet was dissolved in formamide loading buffer and analyzed on a 6% polyacrylamide-urea gel.
Mung bean nuclease mapping. Appropriate DNA restriction fragments with one protruding 5' end were labeled with either [a-32P]dATP (3, 000 Ci/mmol) by using Klenow polymerase or [.y-32P]ATP (3,000 Ci/mmol) by using T4 polynu-I --#N cleotide kinase by the method of Maniatis et al. (27) . Labeled DNA fragments (7 x 105 dpm) were coprecipitated with 50 p.g of RNA, dissolved in 30 ,l of hybridization buffer (80% formamide, 40 mM PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid), pH 6.4], 0.4 M sodium acetate, 1 mM EDTA) and hybridized at 65°C for 12 h after heating for 5 min at 85°C. Then, 300 RI of ice-cold mung bean nuclease buffer (50 mM sodium chloride, 1 mM zinc sulfate, 1 mM L-serine, 5% [vol/vol] glycerol, 50 mM sodium acetate [pH 5.0]) and 370 U of mung bean nuclease were added, followed by incubation for 45 min at 37°C. The samples were phenol extracted, ethanol precipitated, dissolved in formamide loading buffer, and analyzed on 5% polyacrylamide-urea gels. For size markers, an M13mpl8 sequence ladder or pBR322, digested with restriction enzyme Hinfl, was used.
RESULTS
Isolation of the gene coding for cytochrome c2 from R. viridis. Two degenerate oligonucleotides, called 14merC2 and 17merC2, were synthesized on the basis of the published amino acid sequence of cytochrome c2 from R. viridis (5) . Southern blot analysis of genomic DNA from R. viridis, digested with restriction enzyme PstI, resulted in hybridization of oligonucleotides 14merC2 and 17merC2 with an 8-kb DNA fragment (data not shown).
A genomic library of R. viridis DNA consisting of sizefractionated PstI fragments (6 to 10 kb) cloned in vector pUC19 was screened by colony hybridization. Four positive clones from 450 clones were obtained by using oligonucleotide 17merC2 as a probe. Only one of these four clones could be confirmed by screening with 14merC2 (clone 2II92). For further proof that plasmid p21192 contained the cycA gene, direct sequence analysis with oligonucleotide 17merC2 as the primer yielded a DNA sequence coding for amino acids Phe-100 to Lys-107 of cytochrome c2, followed by a stop codon and additional downstream sequences.
A 2.4-kb Sall fragment from plasmid p21192 hybridizing with probes 14merC2 and 17merC2 was subcloned into vector pUC19. Figure 1 shows a restriction map of the 2.4-kb Sall R. viridis chromosomal DNA region with the gene for cytochrome C2.
Nucleotide sequence analysis. The sequencing strategy is outlined in Fig. 1 . The complete nucleotide sequence of the cycA gene is presented in Fig. 2 . The upstream region was sequenced by using T. aquaticus DNA polymerase and the nucleotide analog 7-deaza-dGTP at 70°C because use of T7 DNA polymerase resulted in band compression and nonspecific chain termination.
The amino acid sequence predicted from this DNA sequence is in good agreement with the published R. viridis cytochrome c2 protein sequence (4, 5) . In addition, the DNA sequence indicates the existence of 20 extra Nterminal amino acid residues. The nature and sequence of this amino-terminal extension are typical of procaryotic signal peptides (43) . Four amino acid exchanges were found by comparing the protein sequence of c2 (5) with the sequence deduced from the isolated cycA gene (Lys-14-->Leu, Ser-46-*Ala, Ile-84-->Val, Leu-97-*Ile). However, in a comparison of cytochrome c2 sequences (4) a Leu instead of Lys-14 was found for the R. viridis cytochrome c2 protein sequence.
Northern blot analysis. Total RNA of photosynthetically grown R. viridis cells was size-fractionated on an agarose gel, blotted onto a nylon membrane, and hybridized with an Nucleotide sequence of cycA and deduced amino acid sequence. The putative signal peptide comprises the first 20 residues (positions -20 to -1). Amino acids different from the previously published cytochrome c2 sequence (5) at positions 14, 46, 84, and 97 are marked with an asterisk. A putative Shine-Dalgarno sequence (41) upstream of the ATG codon is underlined. Inverted repeats and possible stem-loops are indicated by converging arrows. Restriction sites are shown above the DNA sequence. The start site for transcription initiation, as mapped by primer extension and mung bean nuclease, is indicated with a large arrow above the sequence.
The small arrow denotes the 59-base extension product observed by primer extension analysis (Fig. 4) . The 3' ends of the major and minor cycA gene transcripts are shown by large and small arrows, respectively. The dashed line indicates a DNA sequence complementary to oligonucleotide 27-mer. in vitro transcript from a 1.1-kb SalI-ApaI DNA fragment (Fig. 1, fragment C) . This transcript is complementary to the mRNA of the cycA gene. A specific signal in the size range of 0.5 kb was detected (Fig. 3, lane 2) , which is in agreement with the calculated minimum length of 384 bases of an mRNA coding for cytochrome c2. Thus, we conclude that under photoheterotrophic growth conditions of R. viridis, there is one specific transcript of the cycA gene and that the cyc operon is probably monocistronic.
Mapping of the 5' end of the cycA gene transcript. In order FIG. 3. Northern blot analysis. Total RNA was isolated from photoheterotrophically grown R. viridis cells, size-fractionated on an agarose gel, and blotted onto a nylon membrane. A 1.1-kb SalI-ApaI DNA fragment ( Fig. 1, fragment C) cloned into the plasmid pBluescribe was transcribed in vitro by T7 RNA polymerase, and the resulting RNA was used as a hybridization probe. The autoradiograph was obtained by overnight exposure at -700C with an intensifying screen. Lane 2 shows a specific signal in the size range of 0.5 kb. An RNA ladder (Bethesda Research Laboratories) was used as a molecular size standard, also transferred onto the nylon membrane, and stained with methylene blue (32) (lane 1). Sizes are shown in kilobases. to define the 5' end of the cycA mRNA more precisely, two different experimental approaches were used. For primer extension analysis, a 27-mer oligodeoxynucleotide complementary to a sequence of the coding strand in the N-terminal region of the cytochrome c2 was synthesized, 5'-end labeled, and hybridized to cellular RNA. The extension reaction was started by adding AMV reverse transcriptase to the annealed mixture. The resulting extension products, together with a sequencing reaction of plasmid p21192 with the same 27-mer oligodeoxynucleotide as a primer, were analyzed on a denaturing 6% polyacrylamide gel. Two prominent extension products of 59 and 77 bases could be identified; the latter was more intensive (Fig. 4A, lane 2) . The 3' end of the smaller extension product was located precisely at the base of the stem of a possible stem-loop structure (Fig. 2) . Therefore, in addition to the possibility of two transcriptional starts for the cytochrome c2 gene, as an alternative this potential secondary structure of the cycA gene transcript might partially prevent AMV reverse transcriptase from complete extension of the annealed 27-mer oligodeoxynucleotide, resulting in an artificial signal.
In order to decide between these alternatives, a second experimental approach was used. For mung bean nuclease mapping, an approximately 500-base-pair (bp) SspI-XhoII restriction fragment (Fig. 1, fragment A) was selectively labeled at the protruding 5' end of the XhoII restriction site, hybridized to total RNA, and digested with mung bean nuclease as described in Materials and Methods. The samples were analyzed on a 5% polyacrylamide-urea sequencing gel. One protected DNA molecule of 320 + 2 bases was observed (data not shown). No signal was detected corresponding to the smaller primer extension product mentioned above. Additionally, samples of the mung bean nuclease protection assay mixes were analyzed on an 1-mm-thick 5% denaturing polyacrylamide gel (Fig. 4B ). One prominent signal was detected in the range of 300 to 400 bases. The smaller signals probably result from incomplete digestion of the unprotected labeled probe by mung bean nuclease. All data, taken together, confirm the existence of one 5' end of the cycA gene transcript. It can be mapped at position -39 relative to the coding sequence of the cytochrome c2 gene.
Mapping of the 3' end of the cycA gene transcript. To map the 3' end of the c2 transcript, mung bean nuclease digestion experiments were performed with an approximately 580-bp XhoII-PvuII restriction fragment ( Fig. 1, fragment B ) selectively labeled at the 3' end of the XhoII restriction site (fill-in reaction with Klenow enzyme) as a probe. Several prominent protected DNA molecules were observed between 206 and 213 bases in length (Fig. 5A, lane 3) . In addition, a weaker signal was detected corresponding to a protected molecule of about 277 or 278 bases. This minor signal again appeared clearly when the mung bean nuclease protection assay mixes were analyzed on a 1-mm-thick denaturing polyacrylamide gel (Fig. SB, lane 2) . Assigning the 5' end of the cycA gene transcript at position -39 relative to the initiator codon AUG, the size of the c2 transcript is between 523 and 530 bases in length. This is in good agreement with the size estimated by Northern blot analysis. The size of a putative transcript of low abundance corresponded to about 600 bases in length.
DISCUSSION
We isolated the R. viridis cycA gene from a genomic DNA library by using two degenerate oligonucleotides as hybridization probes and determined the nucleotide sequence (Fig.  2) . As reported for other photosynthetic bacteria (12, 16, 39) , a putative signal sequence was found at the 5' end of the R. viridis cycA gene. This signal peptide contains two basic amino acids close to the amino terminus (N-region), followed by a 17-residue hydrophobic stretch and C-region, thus resembling typical procaryotic signal sequences (43) . Cytochrome c2 is thought to be a soluble electron carrier between the membrane-bound bc, complex and the cytochrome subunit of the photosynthetic reaction center (40) under photoheterotrophic growth conditions and is localized in the periplasm. Like other periplasmic proteins, cytochrome c2 is probably synthesized as a precursor with a cleavable signal peptide.
Comparison of the mature protein sequence of c2 (5) with that deduced from the isolated cycA gene revealed four differences at amino acid positions 14, 46 , 84, and 97, although the strains used in both studies (NTHC 133 and DSM 133) should be identical (American Type Culture Collection, personal communication). A Leu instead of Lys-14 was reported in a later sequence comparison for the R. viridis cytochrome c2 protein sequence (4) . It is interesting that these amino acid substitutions, with the exception of Lys-14--->Leu, could be the result of single-base mutations in the corresponding codons of the above-mentioned amino acids. The observed differences do not refer to positions defined as invariant or conserved residues of c (c2)-type cytochromes (4, 18) . Northern analysis revealed the existence of one specific mRNA transcript in photoheterotrophically grown cells. The 5' end was mapped at position -39 relative to the coding sequence of c2, whereas the 3' end was located between 100 and 107 bases downstream of the TAA stop codon, resulting in an overall length of the c2 transcript of 523 to 530 bases. In addition, a very low abundance transcript of about 600 bases with an extended 3' end was detected by mung bean nuclease mapping. This 3' end was located within a potential rho-independent terminator sequence (Fig. 2) (2). We assume that transcription of the cycA gene stops at this potential rho-independent terminator, followed by 3'-5' exonuclease processing. Because upstream RNA can be protected by large stem-loop structures against exonuclease attack (33) , it might be possible that the 3' ends of the high-level c2 transcript are stabilized by the possible stemloop structure indicated in Fig. 2 . Exonuclease attack would also explain the heterogeneous 3' end of the cycA gene transcript.
Transcription analysis of the cycA gene of Rhodobacter sphaeroides revealed three transcripts of 880, 720, and 660 nucleotides under photosynthetic growth conditions. It was suggested that the two largest transcripts may encode an additional polypeptide in the upstream part of c2 (26); For R. viridis, it is more likely that the cyc operon is monocistronic, comparing the length (523 to 530 nucleotides) and location of the 5' and 3' ends of the c2 transcript with the 384-base-long coding region of cytochrome c2 (Fig. 2) .
Recently, the exact 5' and 3' ends of the puf operon transcripts from R. viridis were determined (45) . Alignment of the nucleotide sequences upstream from the transcription starts of the puf operon and cycA gene from photosynthetically grown R. viridis cells (Fig. 6 ) revealed a sequence motif, 5'-CGA-N4-GCG-3', in the -40/-30 region. Figure 6 shows an alignment of the upstream regions from R. viridis and from Rhodospirillum rubrum (9) , Rhodobacter capsulatus (1, 8) , and Rhodobacter sphaeroides (23, 25) (Fig. 1, fragment B ) selectively labeled at the 3' end of the XhoII restriction site. The samples were digested with mung bean nuclease (370 U) and analyzed on a 5% polyacrylamide-urea sequencing gel. An M13mp18 sequence ladder as size markers is shown in lane 1 (GATC). Besides several prominent protected fragments (206 to 213 bases), a weaker signal corresponding to 277 or 278 bases was detected. The signal corresponding to a protected fragment of 580 bases resulted from reannealing of fragment B. The autoradiographs were obtained by exposing the films at -70°C with intensifying screens for 50 h (lanes 2 and 3) or 4 h (lane 1, GATC). (B) Samples of the mung bean nuclease protection assay mixes were analyzed on a 1-mm-thick polyacrylamide gel. Lane 1 corresponds to lane 2 in panel A. The protected fragments (206 to 213 and 277 or 278 bases) can be seen in lane 2. Lane 3 shows radioactively labeled pBR322, digested with restriction enzyme Hinfl. The exposure time was 40 h at -70°C with an intensifying screen. thought to be involved in oxygen-regulated transcription (shown for Rhodobacter capsulatus by deletion analysis). Overall comparison results in the common sequence motif 5'-GA-N5-CG-3' in the -40/-30 region. In R. viridis, the expression of cytochrome c2, reaction center polypeptides, and other proteins involved in the photosynthetic process depends on anaerobic growth conditions (22, 24) . It remains unclear whether regulation by oxygen occurs at the transcriptional level only or whether additional translational and posttranslational events take place. Further studies are needed to obtain a complete picture of oxygen-dependent regulation of gene expression in photosynthetic bacteria. (45) with those from Rhodobacter capsulatus (1, 8) , Rhodobacter sphaeroides (23, 25) , and Rhodospirillum rubrum (9) . The common sequence motif in the -40/-30 region is in boldface. Transcription start sites are underlined. 
